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The incidence of leukemia and mortality from sepsis in patients with severe
congenital neutropenia receiving long-term G-CSF therapy
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In patients with severe congenital neutro-
penia (SCN), sepsis mortality is reduced
by treatment with granulocyte colony-
stimulating factor (G-CSF), but my-
elodsyplastic syndrome and acute my-
eloid leukemia (MDS/AML) have been
reported. We studied 374 patients with
SCN and 29 patients with Shwachman-
Diamond syndrome (SDS) on long-term
G-CSF enrolled in the Severe Chronic
Neutropenia International Registry. In
SCN, sepsis mortality was stable at 0.9%
per year. The hazard of MDS/AML in-

creased significantly over time, from 2.9%
per year after 6 years to 8.0% per year
after 12 years on G-CSF. After 10 years,
the cumulative incidence was 8% for sep-
sis mortality and 21% for MDS/AML. A
subgroup of SCN patients (29%) received
more than the median dose of G-CSF (= 8
rg/kg/d), but achieved less than the me-
dian absolute neutrophil count (ANC) re-
sponse (ANC < 2.188 x 10%L [2188/pL] at
6-18 months). In these less-responsive
patients, the cumulative incidence of ad-
verse events was highest: after 10 years,

40% developed MDS/AML and 14% died
of sepsis, compared with 11% and 4%,
respectively, of more responsive patients
whose ANC was above the median on
doses of G-CSF below the median. Risk
of MDS/AML may be similar in SDS and
SCN. In less-responsive SCN patients,
early hematopoietic stem cell transplanta-
tion may be a rational option. (Blood.
2006;107:4628-4635)
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Introduction

Severe congenital neutropenia (SCN) is a heterogeneous disorder
of myelopoiesis characterized by an absolute neutrophil count
(ANC) persistently below 0.50 X 10%L (500/pL), with maturation
arrest of neutrophil precursors in the bone marrow at the promyelo-
cyte/myelocyte stage (reviewed by Zeidler and Welte!). Prior to the
introduction of therapy with recombinant human granulocyte
colony-stimulating factor (G-CSF), approximately half of affected
children died during the first year of life from overwhelming
bacterial sepsis. The mortality rate during the second through
fourth years was 6% to 7% per year.> A limited number of case
reports from the pre—-G-CSF era indicated that patients with SCN3-¢
and patients with Shwachman-Diamond syndrome (SDS)” were
also at risk of developing acute myeloid leukemia (AML).

The clinical outlook improved dramatically following the
introduction of G-CSF therapy.® With daily G-CSF dosing at
pharmacologic levels, almost all patients with SCN respond with
improved ANC values and a reduced incidence of infections and
hospitalizations. The Severe Chronic Neutropenia International
Registry (SCNIR) was established to monitor the course of SCN

and related disorders in patients on G-CSF therapy.” The SCNIR is
the largest prospective cohort study of patients with SCN and
related disorders. Through the SCNIR and case reports, it has
become clear that patients with SCN and SDS who are receiving
G-CSF treatment are at considerable risk of myelodysplastic
syndrome or AML (MDS/AML). However, it is not yet clear
whether there is any association between the duration and dose of
G-CSF therapy and the risk of leukemia in patients with congenital
neutropenia. In a previous analysis of data from the SCNIR, no
significant association was found between the duration or dose of
G-CSF therapy and the risk of MDS/AML.!° In contrast, a report
from the French Severe Chronic Neutropenia Study Group did find
a positive association with dose in a smaller group of patients.!!
However, both of these previous analyses included patients with
types of neutropenia other than SCN and SDS who appeared to be
at low risk of MDS/AML, possibly obscuring any association.
From a clinical perspective, a key question is whether one can
identify early in treatment subgroups of patients with SCN who are
at elevated risk of transformation to MDS/AML or death from
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sepsis.!? In this study, we estimated the cumulative incidence of
MDS/AML and death from sepsis over a 12-year follow-up period
for patients with SCN and SDS enrolled in the SCNIR. We also
examined the associations of risk with daily doses of G-CSF at 6
months and blood counts obtained before and after the start of
G-CSF therapy. Our findings have implications for SCN practice
guidelines, and may provide new clues about leukemogenesis in
these disorders.

Patients, materials, and methods

SCNIR

We studied 374 patients with SCN and 29 patients with SDS who enrolled
in long-term clinical G-CSF treatment trials or who directly entered the
SCNIR between November 1987 and September 2000 and were followed
through February 26, 2001 (Table 1). After February 2001, new regulations
affecting long-term observational studies required us to renew the consent
of all enrollees, and new privacy regulations interrupted data collection. It
also became necessary to transfer the study data from a legacy system to a
modern relational database. Therefore, this report includes validated data
through February 26, 2001. The study was conducted in accordance with
the Declaration of Helsinki, under the auspices of the Human Subjects
Committee of the University of Washington, the Hannover Medical School
in Hannover, Germany, and other participating institutions.

Patients were enrolled on referral from cooperating hematologists and
other physicians, primarily in North America, Western Europe, and
Australia, using standard enrollment criteria and forms as previously
described.” At the time of enrollment, clinical and laboratory information
was reviewed by an expert clinician associated with the registry. Follow-up
involved semiannual reports that were entered into a standardized database;
physicians caring for patients with important changes in their clinical status
often contacted the SCNIR offices directly to report new events and to seek
management advice based on the growing experience of the registry. All
diagnoses of MDS/AML and dates of death were confirmed by review of
pathological reports and clinical records as available.

All G-CSF dose data were converted to units of micrograms per
kilogram per day (pg/kg/d) using the reported dosing frequency and body
weight from the corresponding study visit or the visit closest in time.
Initially, patients with SCN were started at a comparatively low dose (5
ng/kg/d) that was increased at approximately 2-week intervals over a

Table 1. Follow-up of patients with SCN and SDS in the SCNIR
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several-month period until a satisfactory ANC value was achieved, the goal
being an ANC value of 1.5 X 10%L cells (1500/pL cells) or more (US) or
1.0 X 10%/L cells (1000 cells/pL) or more (Europe). The dose of G-CSF for
the patient at 6 months was regarded as the initial effective dose for all
comparisons. This dose was subject to change over time for reasons that
might be related to various events and outcomes for each patient. For this
reason, we chose to study the dose of G-CSF at 6 months, rather than the
“predominant” dose analyzed by Freedman et al,'” or the time-averaged
dose analyzed by Donadieu et al.!!

The results of complete blood cell counts (CBCs) were also a critical
component for this analysis. Because absolute counts for each type of
leukocyte in a CBC are quite variable, we computed the average CBC
component values using all CBCs that were obtained during follow-up
periods of interest, reported to the registry, and accessioned into the
registry’s computer database. The CBC components included the absolute
neutrophil, monocyte, basophil, eosinophil, lymphocyte, and platelet counts
(cells X 10%/L [cells/uL]), as well as the hemoglobin level (g/L [g/dL]). The
interval from 3 years before the start of treatment through the day that
treatment was started was chosen for the pretreatment period, and the
interval from 6 to 18 months after the start of therapy was chosen to indicate
the effective CBC response of each patient after the effective dose of
G-CSF had been established.

Statistical methods

Our primary analyses were restricted to patients with SCN, because data for
patients with SDS were comparatively limited (Table 1). For both groups,
all statistical tests were 2-sided. “CI” denotes confidence interval.

Patients with SCN are at risk of both MDS/AML and death from sepsis,
which we analyzed here as competing adverse events. The time scale was
years on therapy with G-CSF. We estimated the cumulative incidence of
each adverse event using the nonparametric maximum likelihood estimator
that accounts for competing risks.!> We obtained flexible and smooth
estimates of the absolute cause-specific hazard rates, using spline func-
tions.'* We estimated the effects of the dose of G-CSF and CBC values on
the hazard of each adverse event using Cox proportional hazards models.'>
In these analyses, each endpoint was considered to be a censoring event for
the other, so that a patient was followed for death from sepsis until the last
day of follow-up or the diagnosis of MDS/AML, whichever occurred first.
For both endpoints, patients were censored at the time of bone marrow
transplantation. For analyses including pretreatment but not on-treatment
CBC components, we included follow-up beginning from the day that
treatment was started. For analyses including CBC components obtained on

Median G-CSF Total Total deaths Death from sepsis
Median no. (range) dose at 6 mo, MDS/AML, from sepsis, MDS/AML crude crude rate, % per
No. Person-y of pre-Rx CBC ro/kg/d no. no. rate, % per y* y
SCN
Group 1 374 2043 NA NA 44 19 22 0.9
Group 2 365 2007 NA 6.0 44 19 2.2 0.9
Group 3 305 1769 3 (1-76) 6.2 42 17 24 1.0
Group 4 307 1963 NA 6.2 41 15 2.1 0.8
Group 5 238 1583 9 (1-80) 8.0 34 12 2.1 0.8
Group 61 211 1445 12 (2-116) 8.0 33 10 2.3 0.7
SDS
Group 1 29 161 NA NA 2 2 1.2 1.2
Group 2 18 67 NA 4.3 2 2 3.0 3.0
Group 3 16 57 3(1-19) 43 1 2 1.8 35
Group 4 14 65 NA 4.3 1 1 1.5 1.5
Group 5 9 38 3 (2-11) 4.2 1 1 2.7 2.7
Group 6t 8 28 8 (4-25) 43 1 1 3.6 3.6

Dose data indicates G-CSF dose in ug/kg/d at 6 months; Rx, treatment; and NA, not applicable. The pre-Rx CBCs were obtained from 3 years before treatment through the
day that treatment was started. Groups were defined as follows: group 1, enrolled; group 2, enrolled with dose data; group 3, enrolled with dose data and CBC data pre-Rx;
group 4, enrolled with dose data and followed beyond 18 months; group 5, enrolled with dose data and followed beyond 18 months with CBC data at 6-18 months; and group 6,
enrolled with dose data and followed beyond 18 months with CBC data at 6-18 months and pre-Rx.

*Crude rates are defined as the total number of events, divided by the person-years of follow-up, times 100%.

tIncludes both follow-up intervals.



4630 ROSENBERG et al

treatment during the 6- to 18-month follow-up period, we included
follow-up only beginning at 18 months, to ensure that these analyses were
entirely prospective.

In secondary analyses, we used generalized linear models'® to assess
whether the patient-specific mean CBC values differed in subgroups
defined by dose of G-CSF and ANC values on treatment. We also studied
changes in CBC values (on-treatment values minus pretreatment values).
We assessed the association between ANC values on treatment and G-CSF
dose using a nonparametric generalized additive model (regression spline!”).

We carried out each analysis using all subjects with available data.
Patient groups are defined in Table 1 and labeled Group 1 through Group 6.
We used Cox models to test whether patients with SCN with CBC data were
at increased or decreased risk of each endpoint, compared with patients
without CBC data.

We contrasted the median CBC and G-CSF dose values in patients with
SDS versus SCN using the Wilcoxon rank sum test.'® We contrasted crude
event rates in patients with SDS versus SCN using an exact test.!” We
did not fit Cox models to SDS data because there were inadequate
numbers of events.

Results

We studied a total of 374 patients with SCN (Table 1, Group 1) and
29 patients with SDS. In patients with SCN, 365 (98%) had G-CSF
dose data reported during the first 12 months of follow-up (Group
2). The median age at the start of therapy was 3 years, and the
interquartile range was 9 months to 9.7 years. More than half of the
patients were male (55%) and 80% were of European ancestry. Of
these 365 patients, 305 (84%) had CBCs with differential that were
obtained prior to treatment and accessioned into the registry
database (Group 3). Of them, 307 (84%) were followed beyond 18
months (Group 4); 238 patients in this group (78%) had CBC data
available from the preceding 6- to 18-month follow-up period
(Group 5). The majority of this latter group, 211 (89%) of 238, also
had pretreatment CBC data (Group 6). In total, we studied 1632
CBCs obtained during the pretreatment window period, and 2335
CBCs obtained during the 6- to 18-month follow-up period. The
median patient-specific interval between successive CBCs was 30
days in patients with SCN and 48 days in patients with SDS.

The 374 patients with SCN contributed 2043 person-years, 44
transformations to MDS/AML, and 19 deaths from sepsis (Table 1,
Group 1). Using the competing risks definition, the cumulative
incidence of MDS/AML was 21% (95% CI = 15%-27%) after 10
years on G-CSF therapy and 36% (95% CI = 22%-50%) after 12
years (Figure 1A). The cumulative incidence of death from sepsis
was 8% (95% CI = 4%-12%) after 10 years on G-CSF therapy; no
additional deaths from sepsis occurred between years 10 and 12
(Figure 1A). The hazard rates were not significantly different in
patients who did and did not have available pretreatment and
on-treatment CBC results (Group 2 and 4, respectively; data not
shown). The cause-specific hazard of MDS/AML increased signifi-
cantly over time (P < .001 for trend), rising from 2.9% per year
(95% CI = 2.0%-4.1% per year) after 6 years on G-CSF therapy, to
8.0% per year (95% CI = 1.7%-14.0% per year) after 11.7 years
(Figure 1B). The cause-specific hazard of death from sepsis was
comparatively stable over time (P = .76 for trend; assuming a
constant hazard, the mortality rate from sepsis was 0.9% per year;
95% CI = 0.6%-1.4% per year).

The pretreatment ANC value was approximately normally
distributed on the log, scale (Figure 2A; histogram shown in red).
The median pretreatment ANC value was 0.129 X 10%L (129/pL),
and the absolute interquartile range defining the middle one-half of
the data was 0.031-0.285 X 10%/L (31-285/pL). In 95% of patients,
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Figure 1. Cumulative incidence and hazard rates of MDS/AML and death from
sepsis in patients with SCN. Results are shown for patients in SCN Group 1 (Table
1). One additional death from sepsis at year 12.4 is not shown on the plot. (A)
Cumulative incidence (cumulative proportion experiencing each event as initial cause
of failure in subjects at risk of each adverse event), by years on therapy with G-CSF,
and 95% Cls at selected years (error bars). Observed cumulative incidence
(stair-step curves), and smoothed cumulative incidence (dashed curves) derived
from estimated cause-specific hazard functions are shown. (B) Annual hazard rates
(incidence rate per year among subjects who are still susceptible) of MDS/AML and
death from sepsis, by years on G-CSF therapy, and 95% point-wise confidence
envelopes (shaded regions).

the ANC value on treatment was greater than the ANC value prior
to treatment. The median absolute ANC change in all patients was
2.125 X 10%/L (2125/pL), and the interquartile range was 1.019-
4.028 X 10°/L (1019-4028/p.L) (Figure 2B). However, on treat-
ment, 32% had ANC values below 1.5 X 10%L (1500/pL), and
19% had ANC values below 1.0 X 10°/L (1000/uL) (Figure 2A;
histogram shown in blue).

As expected, the dose of G-CSF at 6 months was significantly
higher than the starting dose, and it was comparatively stable after
6 months (Figure 2C). The G-CSF dose at 6 months was highly
right-skewed (Figure 2D). The median dose of G-CSF in SCN
Groups 5 and 6 was 8.0 pg/kg/d; the minimum dose was 0.2
ng/kg/d, and the maximum dose was 576 pg/kg/d. Therefore,
although most patients responded to G-CSF with increased neutro-
phil counts, the magnitude of the dose at 6 months and the ANC
response over the subsequent year varied several-fold.

We assessed the associations between the dose of G-CSF at 6
months and the cause-specific hazards of MDS/AML and death
from sepsis. Cox proportional hazards models are summarized in
Table 2. Because the dose of G-CSF at 6 months had a skewed
distribution (Figure 2D), we considered associations with the dose
of G-CSF at or above the median value versus below, and with the
log, dose of G-CSF.

The dose of G-CSF was significantly and positively associated
with the risk of MDS/AML. In patients who required 6 pg/kg/d or
more (the median dose in SCN Group 2), compared with patients
who required less than 6 wg/kg/d, the hazard of MDS/AML was
2.5-fold (95% CI = 1.2- to 5.2-fold) higher (P = .008). The hazard
of MDS/AML was similarly elevated in patients who required 8
pg/kg/d or more (the median dose in SCN Group 5). On a
continuous scale, the hazard of MDS/AML increased by 1.22-fold
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Figure 2. Pretreatment ANC, on-treatment ANC, and dose of G-CSF in patients
with SCN. Panels A-D show data for SCN Group 6, while panel E shows data for SCN
Group 5 (Table 1). (A) Histograms of mean ANC values prior to treatment (red bars),
and mean ANC values during the 6-18 month follow-up period (blue bars), shown on
alog, scale. A vertical reference line is shown at 1500 cells/p.L, corresponding to the
therapeutic target. (B) Box plot of mean ANC values during the 6-18 month follow-up
minus pretreatment mean ANC values, displaying the median value, inter-quartile
range, 10th and 90th percentiles, and outliers (plus signs). Notches show 95%
confidence intervals for the median. (C) Box plots of G-CSF dose values (ng/kg/d), by
follow-up period. Box plots are constructed as described for panel B. Two hundred
eleven patients contributed 2,440 G-CSF dose values over time; all values for each
patient are shown. Starting dose corresponds to 0-3 days of follow-up; 6 m, to
between 3 days and 8 months; 1y, to between 9 and 14 months; 1.5y, to between 15
and 20 months; 2 y, to between 21 and 26 months; and after 2 y, to between 27
months and 12.44 years. (D) Histogram of G-CSF dose (j.g/kg/d) for each patient at
or closest to 6 months. The right-most bar represents 4 patients with dose values of
120, 128, 189, and 576 ng/kg/d. (E) Dose of G-CSF at 6 months, and average ANC
response over the subsequent year. Dose of G-CSF is plotted on the log, scale.
Curve plots the mean value. Shaded area corresponds to 95% point-wise confidence
limits. The nonparametric regression incorporated precision weights equal to the
number of CBC values available for each patient during the 6- to 18-month
follow-up period.

(95% CI = 1.03- to 1.44-fold) per doubling of the dose of G-CSF
(P =.024).

In patients who required 6 pg/kg/d or more, compared with
patients who required less than 6 pg/kg/d, the hazard of death from
sepsis was 2.0-fold higher (95% CI = 0.7- to 5.5-fold), but this
association did not reach statistical significance (P = .18). The
hazard of death from sepsis was significantly elevated in patients
who required 8 pg/kg/d or more. On a continuous scale, the hazard
of death from sepsis increased by 1.31-fold (95% CI = 1.02- to
1.69-fold) per doubling of the dose of G-CSF; this association was
significant (P = .039).

These associations could reflect confounding or interaction of
the dose of G-CSF with other risk factors. We considered both
possibilities. For death from sepsis, the ANC value on treatment is
a logical risk factor; therefore, we considered its association with
both death from sepsis and MDS/AML. Because neutrophil counts
had a skewed distribution (Figure 2A), we considered associations
with ANC values at or above the median versus below the median,
and with log, ANC.

Regarding potential confounding, as expected, the risk of death
from sepsis beyond the 18th month was negatively associated with
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the ANC value during the 6- to 18-month follow-up period.
Patients with ANC values on treatment below the median of
2.188 X 10%/L (2188/pL) were at 3.4-fold higher (95% CI = 0.9-
12.9; P = .056) risk of death from sepsis than patients with ANCs
of 2.188 X 10°/L cells (2188/uL cells) or more. On a continuous
scale, the hazard of death from sepsis increased by 1.55-fold (95%
CI = 1.17- to 2.05-fold; P = .006) per halving of the ANC value
on treatment (eg, the patient with 1.0 X 10°/L neutrophils [1000/
L neutrophils] was at 55% greater risk of death from sepsis than
the patient with 2.0 X 10%L neutrophils [2000/uwL neutrophils]).
The hazard of MDS/AML was also negatively associated with the
ANC value on treatment. Patients with ANCs lower than
2.188 X 10%/L (2188/pnL) were at 2.3-fold higher (95% CI = 1.2-
to 4.7-fold; P = .016) risk of MDS/AML than patients with ANCs
of 2.188 X 10%/L cells (2188/uL cells) or more. On a continuous
scale, the hazard of MDS/AML increased by 1.25-fold (95%
CI = 1.00- to 1.56-fold; P = .058) per halving of the ANC value
on treatment.

The ANC value on treatment was also associated with the dose
of G-CSF at 6 months (Figure 2E). Patients who responded to
comparatively low doses, below 8 pg/kg/d (the median value in
Group 5), had the highest ANC values on treatment, whereas
patients who required higher doses had significantly lower ANC
values on treatment (P < .001 for the significance of the model
shown versus no association). Therefore, because the ANC value
on treatment is associated with the dose of G-CSF, and is also a risk
factor for MDS/AML, the association of the dose of G-CSF with
the risk of MDS/AML could be the result of confounding.
However, for each endpoint, the relative hazards for each factor
did not change appreciably when both factors were included in
a Cox model (data not shown), indicating that both factors affect
the hazards.

Next, we considered Cox models that allowed for interactions
between the dose of G-CSF at 6 months and the ANC value on
treatment. We categorized each risk factor according to the median
values in SCN Group 5 (8 wg/kg/d and 2.188 X 10°/L cells
[2188/uL cells], respectively). The corresponding subgroups are
labeled A to D, as defined in Table 2; the proportion of patients in
these subgroups was 29%, 21%, 21%, and 29%, respectively. For
both MDS/AML and death from sepsis, the risk was significantly
increased in patients who were given more than the median G-CSF
dose, but who achieved less than the median ANC response
(subgroup A), compared with patients who were below the median
for dose but above the median for ANC response (subgroup D).The
relative hazards were not significantly increased for patients in
subgroups B or C compared with subgroup A. These results are
consistent with an interaction. In subgroup A, the risk of MDS/
AML was increased by 3.1-fold (95% CI = 1.5- to 6.1-fold;
P =.002) and the risk of death from sepsis was increased by
5.6-fold (95% CI = 1.7- to 18.7-fold; P = .004), compared with
subgroups B to D combined (Table 2).

The cumulative incidence of MDS/AML and death from sepsis
in subgroups A to D is shown in Figure 3 (top panels). After 10
years, the number of patients under follow-up fell to 10 or fewer in
subgroups A to C, and the cumulative incidence curves were
unstable thereafter. Therefore, we report the cumulative incidence
in each subgroup up to year 10.

Among patients with ANC less than 2.188 X 10%/L cells
(2188/pL cells) despite G-CSF of 8 wg/kg/d or more (Figure 3A),
the cumulative incidence at 10 years was 40% for MDS/AML and
14% for death from sepsis; 54% had one or the other adverse event
by the 10-year landmark. In contrast, among patients with ANC of
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Table 2. Risk factors for MDS/AML and death from sepsis in patients with SCN in the SCNIR

MDS/AML Death from sepsis
Factor* Group RH (95% CI)t Pt RH (95% CI)t P

G-CSF at 6 mo

6 pg/kg/d or more vs less than 6 pg/kg/d 2 2.5(1.2-5.2) .008 2.0 (0.7-5.5) .180

8 pg/kg/d or more vs less than 8 pg/kg/d 2 1.9 (1.0-3.7) .036 2.9 (1.0-8.1) .029

Per doubling§ 2 1.22 (1.03-1.44) .024 1.31 (1.02-1.69) .039
ANC at 6-18 mo

Less than 2188/uL vs at least 2188/uL 5 2.3 (1.2-4.7) .016 3.4 (0.9-12.9) .056

Per halving{| 5 1.25 (1.00-1.56) .058 1.55 (1.17-2.05) .006
G-CSF at 6 mo, and ANC at 6-18 mo

A: 8 ng/kg/d or more, and ANC less than 2188/pL 5 4.5 (1.5-13.4) .008 3.8 (0.79-18.3) .094

B: Less than 8 pg/kg/d, and ANC less than 2188/l 5 1.7 (0.5-6.4) 422 0.6 (0.05-6.9) .689

C: 8 pg/kg/d or more and ANC of at least 2188/pL 5 1.7 (0.5-5.5) 402 0.5 (0.04-5.1) .525

D: Less than 8 pg/kg/d, and ANC of at least 2188/uL 5 1.0 (Referent) NA 1.0 (Referent) NA

A: 8 ng/kg/d or more and ANC below 2188/u.L, vs B-D: other 5 3.1 (1.5-6.1) .002 5.6 (1.7-18.7) .004
ANC before treatment

Less than 138 cells/p.L vs 138 cells/p.L or more 3 0.9 (0.5-1.6) 627 2.3 (0.75-7.25) 123

Per halving{| 3 0.96 (0.79-1.16) .648 1.27 (0.92-1.74) 145

RH indicates relative hazard; NA, not available.
See Table 1 for a summary of follow-up data by group.

*Cut-points for dose of G-CSF and ANC values were defined by the group-specific medians.

TRHs and 95% Cls estimated using Cox proportional hazards models.

tPvalues for likelihood ratio tests (factors G-CSF at 6 mo; ANC at 6-18 mo; and ANC before treatment) or Wald tests (contrasting levels in factor G-CSF at 6 mo and ANC at

6-18 mo).

§A model with log, G-CSF dose was fitted; the RH per doubling is the RH corresponding to a 1-unit increase of G-CSF dose on the log, scale or a doubling of a G-CSF dose

on the absolute scale.

fIModels with log, ANC values were fitted; the RH per halving is the RH corresponding to a 1-unit decrease of G-CSF dose on the log, scale or a halving of G-CSF dose on

the absolute scale.

2.188 X 10%/L cells or more (2188/L cells or more) on G-CSF of
less than 8 pg/kg/d (Figure 3D), the cumulative incidence at 10
years was 11% for MDS/AML, 4% for death from sepsis, and 15%
for one or the other adverse event. In patients who responded to
higher doses of G-CSF (ANC = 2.188 X 10°/L cells [2188/nL
cells] on G-CSF = 8 pg/kg/d; Figure 3C), the cumulative inci-
dence at 10 years was 15% for MDS/AML, 3% for death from
sepsis, and 18% for one or the other adverse event. In patients with
ANCSs of less than 2.188 X 10%/L cells ( 2188/p.L cells) on G-CSF
of less than 8 pg/kg/d (Figure 3B), the cumulative incidence at 10
years was 18% for MDS/AML, 7% for death from sepsis, and 25%
for one or the other adverse event. We obtained similar estimates of
cumulative incidence when the threshold for an ANC response was
lowered from 2.188 to 1.5 X 10%/L cells (2188 to 1500/uL cells)
(data not shown).

In contrast to the significant negative associations seen between
the ANC value on treatment and the risks of MDS/AML and death
from sepsis, the pretreatment ANC was not significantly associated
with the hazard of either endpoint in prospective Cox models
(Table 2; SCN Group 3). These analyses included all events and
follow up beginning from the day that treatment was started. We
evaluated all other pretreatment blood cell counts, and found none
that was significantly associated with either endpoint.

Prior to treatment, high-risk patients in subgroup A had the
lowest ANC values, comparatively low hemoglobin levels, compara-
tively high platelet counts, and elevated counts of all other types of
white blood cells (Figure 4). However, the CBC profile for this
high-risk subgroup was not specific. Patients in subgroup C who
subsequently achieved an ANC above the median on G-CSF of 8
png/kg/d or more had a similar CBC profile prior to treatment.
Hence, the pretreatment CBC could not predict the subsequent
outcome, consistent with the Cox models.

On therapy, patients in subgroup A had similar increases in
eosinophils, basophils, monocytes, and lymphocytes, and similar
decreases in platelets, as other patients maintained on 8 wg/kg/d

G-CSF or more (Figure 5). Thus, except for their attenuated
increases in neutrophil counts and hemoglobin levels, the CBC
response to G-CSF therapy in the high-risk patients was also
not remarkable.

Finally, we considered the experience of patients with SDS.
Prior to treatment, the CBC profile was significantly different
between patients with SDS versus SCN. Compared with patients
with SCN, patients with SDS had significantly lower median
platelet counts (157 versus 384 X 10°/L ; P < .001), lower median
monocyte counts (0.269 versus 0.879 X 10°/L cells [269 versus
879/pL cells]; P =.002) and higher median neutrophil counts
(0.433 versus 0.138 X 10%/L cells [433 versus 138/pL cells];
P <.001). Eosinophil and basophil counts were significantly lower
in patients with SDS; half of the patients with SDS had eosinophil
and basophil counts that were too low to call (reported counts of
zero). The median dose of G-CSF at 6 months was significantly
lower (4.3 versus 6.0 pg/kg/d in SDS Group 2 versus SCN Group
2; P =.004). In response to therapy, the median change in
neutrophil counts at 6 to 18 months was not significantly different
in the 2 disorders (P = .45). The crude rates of MDS/AML and
death from sepsis in SDS and SCN shown in Table 1 were not
significantly different (P = .88 and .28, respectively). Among all
patients with SDS, the 2 subjects who died of sepsis had received
the highest doses of G-CSF (11.5 and 16.8 pg/kg/d, respectively).
Two patients with SDS developed MDS/AML after 1 month and
2.2 years on G-CSF, at doses of 6.0 and 4.3 pg/kg/d, respectively.
These patients were reported previously.'?

Discussion

In patients with SCN maintained on long-term therapy with G-CSF,
mortality from sepsis remained stable at just under 1% per year
over 12 years of follow-up. This rate falls qualitatively below the
historical rate of 6% to 7% per year inferred for the precytokine
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Figure 3. Cumulative incidence of MDS/AML and death from sepsis, by G-CSF
dose at 6 months, and average ANC response over the subsequent year, in
patients with SCN. Results are shown for patients in SCN Group 5 (Table 1). Top
panels show cumulative incidence of MDS/AML and death from sepsis by years on
G-CSF therapy; see legend to Figure 1 for details. Bottom panels show correspond-
ing numbers of subjects still at risk and under follow-up, with horizontal reference
lines at n = 10 patients. With 10 or fewer subjects, the estimated cumulative
incidence curves become unstable, as indicated by gray shaded areas in top panels.
Error bars in top panels show 95% confidence limits at years 7 (MDS/AML) and 9
(deaths from sepsis). (A) Cumulative incidence in subjects with mean ANC less than
2.188 x 109/L (2188/uL) cells during the 6- to 18-month follow-up period on G-CSF at
6 month at 8 wg/kg/d or more. (B) Cumulative incidence in subjects with ANC less
than 2.188 X 109/L (2188/p.L) cells on G-CSF of less than 8 pg/kg/d. (C) Cumulative
incidence in subjects with ANC of 2.188 X 109/L (2188/u.L) cells or more on G-CSF of
8 ng/kg/d or more. (D) Cumulative incidence in subjects with ANC of 2.188 x 109/L
(2188/p.L) cells or more on G-CSF of less than 8 pg/kg/d.

era.? This secular decline may be attributed to both G-CSF therapy
and improvements in supportive care. In contrast, the cause-
specific hazard of MDS/AML increased with the duration of
therapy, and these increases were statistically significant. Two
earlier analyses'®? that included some of the patients studied here
were not able to identify this increase, which is now apparent using
exclusively SCN cases, longer follow-up, and more sensitive
statistical methods.

Moreover, the cumulative incidence of MDS/AML appears to
be higher than previously recognized. A number of patients
enrolled in the SCNIR (10%-15%) were reported previously to
have developed MDS/AML,*! and this crude proportion has often
been cited as the “risk” of MDS/AML in SCN. Although this
statistic is accurate, it does not account for variable follow-up. The
estimates of cumulative incidence we present here may be more
appropriate. After 10 years on therapy, the cumulative incidence
was 8% for death from sepsis and 21% for MDS/AML. By 12
years, the cumulative incidence of MDS/AML had risen to 36%.
This latter value is subject to statistical uncertainty due to the small
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numbers of subjects under follow-up in the later years; however, it
is significantly higher than 15%.

Furthermore, 29% of the patients (subgroup A) had a poorer
ANC response despite higher doses of G-CSF. These less-
responsive patients were at significantly increased risk of both
MDS/AML and death from sepsis: after 10 years, 40% had
developed MDS/AML, and 14% had died of sepsis, compared with
11% and 4%, respectively, of patients in subgroup D who had a
good ANC response at lower G-CSF doses. Therefore, all patients
with SCN appear to be at substantial risk of MDS/AML, including
patients maintained on comparatively low doses of G-CSF. How-
ever, patients who are less response to G-CSF appear to be at
remarkably high risk.

Given the association between the ANC response to G-CSF and
the subsequent risk of MDS/AML, we asked whether other features
of the CBC could predict the clinical outcome. In clinical sub-
groups A to D, we observed a trilineage CBC response to therapy
with G-CSF: hemoglobin levels increased, platelet counts de-
creased, and monocyte, eosinophil, basophil, lymphocyte, and
neutrophil counts increased from levels observed prior to treat-
ment. However, it was specifically the ANC response to G-CSF therapy
that predicted the subsequent clinical outcome, and not the pretreatment
CBC values or the changes in other types of blood cell counts.

There were comparatively limited data to evaluate the experi-
ence of patients with SDS. The pretreatment CBC profile of SDS
patients was significantly different from SCN patients, consistent
with the different genetic etiologies of these disorders.?!>? Patients
with SDS had higher baseline ANC counts, and they responded to
comparatively lower doses of G-CSF. The cumulative incidence of
MDS/AML in SDS could not be well determined. The 2 leukemias
that occurred in patients with SDS were diagnosed 1 month and 2.2
years after the start of G-CSF therapy, respectively, making it
unlikely that G-CSF initiated at least one of these events. The
limited available data do not suggest that the risk of MDS/AML is
lower in SDS than in SCN. In future studies, it will be of interest to
compare other inherited bone marrow failure syndromes, such as
Fanconi anemia, Diamond-Blackfan anemia, and dyskeratosis
congenita, to see whether there are similar hazard rates and
mechanisms underlying the natural history of AML in each of these
premalignant disorders.?

Several limitations of our current study must be noted. First,
although the SCNIR includes the largest existing cohort of patients
with SCN with long-term prospective follow-up and longitudinal
data on dose of G-CSF and CBC response, some patients had
limited or no CBC data available electronically, particularly for the
pretreatment period. For this report, it was not possible to search all
paper records of the registry or ask the referring physicians for
additional CBC data. We do not think the data were differentially
missing in our computerized files according to prognosis; however,
we cannot verify this assumption further than indicated in the
“Results” section. Second, we were not able to incorporate
follow-up beyond February 26, 2001 (more recent follow-up will
be available in the future), and our statistical precision reflects the
comparatively limited numbers of events (44 MDS/AML patients
and 19 deaths from sepsis). Third, molecular studies have raised a
cautionary note about possible interactions between acquired mutations
in the G-CSF receptor (GCSFR), G-CSF therapy, and the risk of
leukemia.?>% The prevalence and pathogenicity of these mutations in
unselected patients remains unclear;*'3> unfortunately, genetic data on
acquired mutations in the GCSFR were not available for this analysis.
Fourth, genetic data on germ-line mutations in ELA2 and SBDS (the 2
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Figure 4. Pretreatment CBC counts in patients with SCN. Data are shown for patients in SCN Group 6 (Table 1). Symbols show mean CBC values for the period from 3
years before the start of treatment through the day that treatment was started (ll or ®) and 95% confidence limits (error bars), for patients in subgroups Ato D defined by G-CSF
dose at 6 months and ANC response during the subsequent year (for further information about subgroups A to D, see Figure 3 and Table 2). These analyses incorporated
precision weights determined by the number of patient-specific CBC values available prior to treatment. Panels show (A) hemoglobin, (B) platelets, (C) eosinophils, (D)

basophils, (E) monocytes, (F) lymphocytes, and (G) pretreatment ANC.

genes implicated as the primary genetic basis of SCN and SDS) also
were not available for this analysis.

In addition, the major limitation of our observational study must
be noted: since all patients studied here were treated with G-CSF,
we cannot prove that G-CSF does not play a role in leukemogenesis
in patients with this disorder. In fact, we observed a statistically
significant association between the dose of G-CSF and the risk of
MDS/AML in SCN. However, we observed a similar association
between the dose of G-CSF and the risk of death from sepsis. The
latter association suggests that the former may reflect confounding
by indication. Clearly, further studies are needed to elucidate the
molecular mechanisms that determine the risk of MDS/AML in
SCN, and the role, if any, of G-CSF therapy.

One possible explanation for these associations is that SCN
patients with a suboptimal response to higher than the median dose
of G-CSF are at increased risk of MDS/AML because an underly-
ing defect in their stem cell population is comparatively more
severe than in other patients. This putative genetic defect appears to
be correlated with the hyporesponsive phenotype; clinically, phar-
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macologic G-CSF is unable to overcome the maturation arrest in
the neutrophil lineage. If so, it would follow that G-CSF has
reduced mortality from sepsis in SCN to the extent that the
suspected leukemic predisposition of SCN has become manifest.
Future studies are needed to test this particular hypothesis, to
identify the sequence of events causing genomic instability and
leukemia in SCN and SDS,** and to assess genotype-phenotype
correlations that might further stratify patients according to risk.3*

While such studies should be undertaken, the clinical implica-
tions of our current data should be emphasized. G-CSF is justifi-
ably the standard of care for neutropenic patients with SCN and
SDS; however, it is not a panacea. Our results suggest that
less-responsive patients, in particular, should adhere to recommen-
dations for bone marrow examination at least annually.>> Recent
protocols incorporating conscious sedation should make these
evaluations less trying for patients and their families.

In patients who are less responsive, as defined by our analysis,
early hematopoietic stem cell transplantation may be a rational
option. Currently, there are very limited data describing the
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Figure 5. Changes in CBC counts in SCN patients. Data are shown for patients in SCN Group 6 (Table 1). Glyphs show patient-specific changes in mean CBC values during
the 6- to 18-month follow-up versus pretreatment mean CBC values ( ¢ or @), and 95% confidence limits (error bars), for patients in subgroups Ato D (see legend to Figure 3 for
details). Dotted lines and gray shaded bands show mean values and corresponding 95% confidence limits for changes in all patients combined. These analyses incorporated
precision weights equal to nm/(n + m), where m is the number of pretreatment CBC and n is the number of posttreatment CBC. Panels show changes in (A) hemoglobin, (B)
platelets, (C) eosinophils, (D) basophils, (E) monocytes, (F) lymphocytes, and (G) ANC.
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outcomes of transplantation in this group that might be weighed
against the risks of sepsis death or MDS/AML described here.
From the limited transplantation data, it appears that SCN patients
should receive transplants prior to the onset of MDS/AML,33:3¢ and
that results using matched sibling donors may be superior to those
from alternative donors.3>37 Until further experience is accumu-
lated, the decision to use this potentially curative modality must be
individualized, and preferably performed at a transplantation center
with protocols for SCN patients.
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